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Abstract of EP0922856 

An apparatus for diagnosing and controlling an 
ignition system of an internal combustion engine 
includes an ignition coil controllable by an ignition 
control circuit, a spark voltage sensor electrically 
connected to the high tension side of the ignition 
coil secondary and an ion voltage sensor 
electrically connected to the low tension side of 
the ignition coil secondary. A computer 
processes the spark voltage signal by comparing 
the signal to a number of predefined spark 
voltage waveforms in memory. If the spark 
voltage signal matches any of the spark voltage 
waveforms in memory that correspond to a 
predefined ignition system failure mode, a 
corresponding error code is stored in memory. 
The computer is further operable to process a 
voltage peak of the spark voltage, wherein the 
voltage peak corresponds to the breakdown 
voltage in the spark gap of a spark plug 
connected to the secondary coil. If the voltage 
peak exceeds a peak threshold, or if a slope of 
the spark voltage waveform about the voltage 
peak is less than a slope threshold, the computer 
is operable to store a corresponding error code in 
memory. The computer is also operable to 
process the ion voltage signal to determine a 
combustion quality value and a roughness value 
therefrom. If the combustion quality factor is 
outside a predefined range or if the roughness 
value exceeds a roughness threshold, the 
computer is operable to adjust engine fueling, 
spark timing and/or spark energy. 
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(54) Apparatus and method for diagnosing and controlling an Ignition system of an internal 
combustion engine 

(57) An apparatus for diagnosing and controlling an 
ignition system of an internal combustion engine 
includes an ignition coil controllable by an ignition con- 
trol circuit, a spark voltage sensor electrically connected 
to the high tension side of the ignition coil secondary 
and an ion voltage sensor electrically connected to the 
low tension side of the ignition coil secondary. A compu- 
ter processes the spark voltage signal by comparing the 
signal to a number of predefined spark voltage wave- 
forms in memory. If the spark voltage signal matches 
any of the spark voltage waveforms in memory that cor- 
respond to a predefined ignition system failure mode, a 
corresponding error code is stored in memory. The 
computer is further operable to process a voltage peak 
of the spark voltage, wherein the voltage peak corre- 
sponds to the breakdown voltage in the spark gap of a 
spark plug connected to the secondary coil. If the volt- 
age peak exceeds a peak threshold, or if a slope of the 
spark voltage waveform about the voltage peak is less 
than a slope threshold, the computer is operable to 
store a corresponding error code in memory. The com- 
puter is also operable to process the ion voltage signal 
to determine a combustion quality value and a rough- 
ness value therefrom. If the combustion quality factor is 
outside a predefined range or if the roughness value 
exceeds a roughness threshold, the computer is opera- 
ble to adjust engine fueling, spark timing and/or spark 
energy. 
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(54) Apparatus and method for diagnosing and controlling an ignition system of an internal 
combustion engine 



(57) An apparatus for diagnosing and controlling an 
ignition system of an internal combustion engine 
includes an ignition coil controllable by an ignition con- 
trol circuit a spark voltage sensor electrically connected 
to the high tension side of the ignition coil secondary 
and an ion voltage sensor electrically connected to the 
low tension side of the ignition coil secondary. A compu- 
ter processes the spark voltage signal by comparing the 
signal to a number of predefined spark voltage wave- 
forms in memory. If the spark voltage signal matches 
any of the spark voltage waveforms in memory that cor- 
respond to a predefined ignition system failure mode, a 
corresponding error code is stored in memory. The 
computer is further operable to process a voltage peak 
of the spark voltage, wherein the voltage peak corre- 



sponds to the breakdown voltage in the spark gap of a 
spark plug connected to the secondary coil. If the volt- 
age peak exceeds a peak threshold, or if a slope of the 
spark voltage waveform about the voltage peak is less 
than a slope threshold, the computer is operable to 
store a corresponding error code in memory. The com- 
puter is also operable to process the ion voltage signal 
to determine a combustion quality value and a rough- 
ness value therefrom. If the combustion quality factor is 
outside a predefined range or if the roughness value 
exceeds a roughness threshold, the computer is opera- 
ble to adjust engine fueling, spark timing and/or spark 
energy. 
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Description 

Field of the Invention: 

[0001J The present invention relates to systems for 
diagnosing and controlling an ignition system of an 
internal combustion engine, and more specifically to 
such systems for detecting and logging predetermined 
ignition system failure modes as they occur and for con- 
trolling the ignition system in accordance with ignition 
system abnormalities. 

BACKGROUND OF THE INVENTION 

[0002] In electronic controls for internal combustion 
engines, it is known to electronically determine and con- 
trol timing events associated with the engine ignition 
system in order to properly ignite air-fuel mixtures sup- 
plied to the engine. Typically, an engine control compu- 
ter is responsive to crankshaft angle, engine coolant 
temperature, commanded engine fueling, intake air 
temperature and other engine operating conditions to 
produce appropriate firing command signals for gener- 
ating high voltage sparks at a number of spark plugs, 
thereby resulting in combustion of the air-fuel mixture. 
[0003] In the operation of a typical internal combustion 
engine ignition system, the engine control computer 
determines in a conventional manner an appropriate 
time to energize the primary side of an ignition coil 
associated with the engine (hereinafter referred to as a 
"firing command"). At that time, current begins to flow 
from a voltage source, such as a vehicle battery through 
the coil primary, thereby storing energy therein as is 
known in the art. Eventually, the current flowing through 
the coil primary reaches a peak level, and the engine 
control computer is thereafter operable to limit current 
flow therethrough to some desired level. After some 
period of current limiting, often referred to as a dwell 
time, the engine control computer deactivates the firing 
command, thereby open circuiting the coil primary. 
[0004] The coil primary is typically magnetically cou- 
pled to a coil secondary, and when the primary is open 
circuited, a rapidly increasing voltage is induced in the 
coil secondary. The coil secondary is electrically con- 
nected to one or more spark plugs, and the rapidly 
increasing voltage induced therein is used to generate 
the required spark ignition voltage thereat. 
[0005] Ignition systems of the type just described are 
typically constructed as an amalgamation of electrical 
and mechanical components, some of which are inher- 
ently subject to failure. Any of a number of ignition sys- 
tem failure modes are possible, most of which result in 
a degradation in combustion quality and/or misfiring of 
the engine. Heretofore, systems have been developed 
which are operable to distinguish between normal igni- 
tion system operation and misfire conditions so that 
appropriate adjustments can be made in the ignition 
strategy to thereby minimize subsequent misfire occur- 



rences. One example of such a system is described in 
U. S. Patent No, 5.606.1 18 to Muth et al. 
[0006] Muth et al. disclose a misfire detection system 
wherein the primary coil voltage is monitored and com- 

5 pared with predefined threshold values. After a spark 
igniting voltage peak has occurred, the primary coil volt- 
age waveform is repeatedly sampled. An average volt- 
age as well as a peak voltage are calculated from the 
samples and a misfire indicating factor is calculated as 

10 a ratio thereof. If this ratio exceeds a predefined ratio 
threshold, then a misf ire is indicated. 
[0007] While the Muthetal. system is operable to dis- 
tinguish between a normally operating ignition system 
and a misfire condition, it has several drawbacks asse- 
ts dated therewith. Fa example, while it may effectively 
detect one or more misfire conditions, the Muth et al. 
system does not distinguish between any of the various 
possible ignition system failures. Thus, the Muth et al. 
system is incapable of providing any information relating 

20 to a particular cause of the misfire corxfition. Moreover, 
since the Muth et al. system is not operable to deter- 
mine the cause of the misfire condition, it cannot prop- 
erty use the misfire information to alter ignition and/or 
fuel strategies in real time to thereby minimize the effect 

25 of a particular cause of the misfire condition. 

[0008] What is therefore needed is a system for diag- 
nosing and controlling an ignition system of an internal 
combustion engine, wherein such a system is operable 
to detect, and distinguish between, a number of possi- 

30 ble ignition system failure modes. Such a system should 
include at least the capability to store information relat- 
ing to the types and number of occurrences of all igni- 
tion system failure modes which have occurred for later 
analysis, and should ideally be further capable of utiliz- 

35 ing the information relating to any presently occurring 
ignition system failure mode to alter engine fueling, 
spark timing and/or spark energy during a subsequent 
firing command to thereby at least minimize the effect of 
the failure condition on proper engine operation. 

40 

SUMMARY OF THE INVENTION 

[0009] The foregoing shortcomings of the prior art are 
addressed by the present invention. In accordance with 

45 one aspect of the present invention, a system for detect- 
ing ignition system failures comprises an ignition coil 
having a primary coil coupled to a secondary coil, 
means for energizing the primary coil to thereby induce 
a spark voltage in a high tension side of the secondary 

so coil, a voltage sensor associated with the high tension 
side of the secondary coil, the voltage sensor sensing 
the spark voltage and producing a spark voltage signal 
corresponding thereto, and a computer having an input 
receiving the spark voltage signal. The computer ana- 

55 lyzes the spark voltage signal and determines therefrom 
whether the spark voltage signal corresponds to an igni- 
tion system failure. 

[0010] In accordance with another aspect of the 
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present invention, a system for detecting ignition system 
failures, comprises an ignition coil having a primary coil 
coupled to a secondary coil, means for energizing the 
primary coil to thereby induce a spark voltage in a high 
tension side and an ion voltage in a low tension side of 
the secondary coil, an ion sensor associated with the 
low tension side of the secondary coil, the ion sensor 
sensing the ion voltage and producing an ion voltage 
signal conesponding thereto, and a computer having an 
input receiving the ion voltage signal. The computer 
analyzes the ton voltage signal and determines there- 
from a combustion quality value associated with the 
spark voltage. 

[0011] In accordance with a further aspect of the 
present invention, an apparatus for diagnosing ignition 
system failures comprises an ignition coil having a pri- 
mary coil coupled to a secondary coil, means for ener- 
gizing the primary coil to thereby induce a spark voltage 
signal in the secondary coil, and a first computer having 
an input coupled to the secondary coil for receiving the 
spark voltage signal. The computer includes a first 
memory having at least one spark voltage waveform 
stored therein corresponding to a spark voltage signal 
of a predefined ignition system failure mode, and the 
computer compares the spark voltage signal with the at 
least one spark voltage waveform and produces a diag- 
nostic signal corresponding to a predefined ignition sys- 
tem failure mode if the spark voltage signal matches the 
at least one spark voltage waveform. 
[0012] In accordance with yet another aspect of the 
present invention, an apparatus for predicting ignition 
system failures, comprises an ignition coil having a pri- 
mary coil coupled to a secondary coil, a spark plug con- 
nected to a high tension side and to a low tension side 
of the secondary coil and defining a spark gap therebe- 
tween, an ignition control circuit connected to the pri- 
mary coil and having an input responsive to a firing 
command to energize the primary coil to thereby induce 
a spark voltage in the high tension side of the second- 
ary coil and a conesponding spark in the spark gap. the < 
spark voltage exhibiting a voltage peak having a peak 
value corresponding to a breakdown voltage of the 
spark gap, and a first computer having an input coupled 
to the high tension side of the secondary coil for receiv- 
ing the spark voltage. The first computer compares the 4 
peak value of the voltage peak with a threshold value 
and produces a prognostic signal conesponding to a 
predefined ignition system failure mode if the peak 
value is greater than the threshold value. 
[001 3] In accordance with still another aspect of the s 
present invention, an apparatus for predicting ignition 
system failures, comprises an ignition coil having a pri- 
mary coil coupled to a secondary coil, a spark plug con- 
nected to a high tension side and to a low tension side 
of the secondary coil and defining a spark gap therebe- si 
tween, an ignition control circuit connected to the pri- 
mary coil and having an input responsive to a firing 
command to energize the primary coil to thereby induce 



a spark voltage in the high tension side of the second- 
ary coil and a conesponding spark in the spark gap, the 
spark voltage exhibiting a voltage peak having a peak 
value corresponding to a breakdown voltage of the 
5 spark gap, and a first computer having an input coupled 
to the high tension side of the secondary coil for receiv- 
ing the spark voltage. The first computer compares a 
slope of the voltage peak about the peak value with a 
predefined slope value and produces a prognostic sig- 
w nai conesponding to a predef ined ignition system failure 
mode if the slope of the peak value is less than the pre- 
defined slope value. 

[0014] In accordance with yet a further aspect of the 
present invention, an apparatus for diagnosing ignition 
is system failures comprises an ignition coil having a pri- 
mary coil coupled to a secondary coil, a spark plug con- 
nected to a high tension side and to a low tension side 
of the secondary coil and defining a spark gap therebe- 
tween, an ignition control circuit connected to the pri- 
20 mary coil having an input responsive to a firing 
command to energize the primary coil to thereby induce 
a spark voltage in the high tension side of the second- 
ary coil and a corresponding spark in the spark gap, the 
spark voltage exhibiting a voltage peak having a peak 
25 value conesponding to a breakdown voltage of the 
spark gap, and a first computer having an input coupled 
to the high tension side of the secondary coil for receiv- 
ing the spark voltage. The first computer determines a 
spark energy of the spark as a function of the peak 
30 value of the voltage peak and provides a spark energy 
correction signal as a function of the spark energy. The 
ignition control circuit is responsive to the spark energy 
conection signal to alter a spark energy of the spark 
induced in the spark gap. 
35 [001 5] In accordance with still a further aspect of the 
present invention, an apparatus for diagnosing ignition 
system failures comprises an ignition coil having a pri- 
mary coil coupled to a secondary coil, means for ener- 
gizing the primary coil to thereby induce a spark voltage 
w in a high tension side of the secondary coil and an ion 
voltage in a low tension side of the secondary coil, a 
fueling system responsive to a fueling command signal 
to fuel an internal combustion engine, a first computer 
providing the fueling command signal to the fueling sys- 
s tern, and a second computer having an input coupled to 
the low tension side of the secondary coil for receiving 
the ion voltage and a first output connected to the first 
computer The second computer processes the ion volt- 
age and determines a combustion quality value there- 
o from, and compares the combustion quality value with a 
first threshold value and provides a first fueling com- 
mand correction signal at the first output if the combus- 
tion quality value exceeds the first threshold value. The 
first computer is responsive to the first fueling command 
• correction signal to alter the fueling command signal to 
thereby decrease fuel supplied to the engine. 
[001 6] In accordance with yet a further aspect of the 
present invention, an apparatus for diagnosing ignition 
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system failures comprises an ignition coil having a pri- 
mary coil coupled to a secondary coil, means for ener- 
gizing the primary coil to thereby induce a spark voltage 
in a high tension side of the secondary coil and an ion 
voltage in a low tension side of the secondary coil, a 5 
fueling system responsive to a fueling command signal 
to fuel an internal combustion engine, a first computer 
providing the fueling command signal to the fueling sys- 
tem, and a second computer having an input coupled to 
the low tension side of the secondary coil for receiving 10 
the ion voltage and a first output connected to the first 
computer. The second computer processes the ion volt- 
age and determines a roughness value therefrom, com- 
pares the roughness value with a roughness threshold 
and provides a fueling command correction signal at the 15 
first output if the roughness value exceeds the rough- 
ness threshold. The first computer is responsive to the 
fueling command correction signal to alter the fueling 
command signal to thereby decrease fuel supplied to 
the engine. 20 
[001 7] One object of the present invention is to pro- 
vide an ignition system for an internal combustion 
engine wherein the high tension side of the secondary 
winding of the ignition coil includes a spark voltage sen- 
sor. 25 
[0018] Another object of the present invention is to 
provide an ignition system for an internal combustion 
engine wherein the low tension side of the secondary 
winding of the ignition coil includes an ion voltage sen- 
sor. 30 
[001 9] Yet another object of the present invention is to 
provide a diagnostic apparatus for an ignition system 
operable to sense spark voltage in the high tension side 
of the secondary winding of the ignition coil and com- 
pare the sensed spark voltage with a number of prede- 3S 
fined spark voltage waveforms stored in memory to 
thereby determine whether the sensed spark voltage is 
exhibiting any of a number of predefined ignition system 
failure modes. 

[0020] Still another object of the present invention is 40 
to provide a diagnostic apparatus for an ignition system 
operable to sense a voltage peak of the spark voltage in 
the high tension side of the-secondary winding, wherein 
the voltage peak corresponds to the breakdown voltage 
of the spark gap of the spark plug, compare the voltage 45 
peak with a threshold peak, and store a corresponding 
prognostic failure code within memory whenever the 
peak voltage exceeds the threshold peak. 
[0021] A further object of the present invention is to 
provide such a system operable to determine a slope of so 
the spark voltage about the voltage peak and store a 
corresponding prognostic failure code within memory 
whenever the slope of the voltage peak is less than a 
predefined slope. 

[0022] Still a further object of the present invention is ss 
to provide such a system operable to determine a spark 
energy as a function of the value of the voltage peak 
and alter the firing command timing (spark timing) to 



thereby induce a minimum spark energy in the spark 
gap. wherein the minimum spark energy corresponds to 
that required to establish breakdown in the gap and reli- 
able ignition of the airfluel mixture. 
[0023] Yet a further object of the present invention is 
to provide a diagnostic apparatus for an ignition system 
operable to sense an ion voltage in the low tension side 
of the secondary winding of the ignition coil, process the 
ion voltage to determine a combustion quality value 
therefrom and alter an engine fueling command, firing 
timing command (spark timing) and/or spark energy if 
the combustion quality value is outside a predefined 
range of acceptable combustion quality values, and tog 
a misf re error code in memory if the combustion quality 
value is below a misfire threshold value. 
[0024] Still a further object of the present invention is 
to provide a Diagnostic apparatus for an ignition system 
operable to sense an ion voltage signal in the low ten- 
sion side of the secondary winding of the ignition coil, 
process the ion voltage signal to determine a roughness 
value thereof during a predefined time duration after an 
occurrence of peak cylinder pressure and after an 
engine fueling command, firing command timing (spark 
timing) and/or spark energy if the roughness value 
exceeds a predefined roughness threshold value. 
[0025] These and other objects of the present inven- 
tion will become more apparent from the following 
description of the preferred embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0026] 

FIG. 1 is a diagrammatic illustration of an apparatus 
for diagnosing and controlling an ignition system-of 
an internal combustion engine, in accordance with 
one aspect of the present invention. 
FIG. 2A is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
trating a normal spark voltage signature. 
FIG. 2B is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
trating a spark voltage signature corresponding to a 
plug-boot failure. 

FIG. 2C is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
trating a spark voltage signature corresponding to a 
plug wire open failure. 

FIG. 2D is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
trating a spark voltage signature corresponding to 
an extension/wire failure. 

FIG. 2E is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
trating a spark voltage signature corresponding to a 
type 1 coil failure. 

FIG. 2F is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
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trating a spark voltage signature corresponding to a 
type 2 coil failure. 

FIG. 2G is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
trating a spark voltage signature corresponding to a 
type 3 coil failure. 

FIG. 3A is a plot of spark voltage vs time for a firing 
command associated with a single cylinder, illus- 
trating a spark voltage signature corresponding to a 
plug prognostic failure. 

FIG. 3B is a plot of spark voltage vs time fa a firing 
command associated with a single cylinder, illus- 
trating a spark voltage signature corresponding to a 
coil prognostic failure. 

FIG. 4A is a plot of ion-gap voltage vs time for a fir- 
ing command associated with a single cylinder, 
illustrating a preferred technique for diagnosing 
air/fuel combustion quality. 
FIG. 4B is a plot of ion-gap voltage vs time for a fir- 
ing command associated with a single cylinder, 
illustrating a preferred technique for diagnosing 
knock conditions. 

FIG. 5 is composed of FIGS. 5A - 5C and is a flow- 
chart illustrating one embodiment of a software 
algorithm executable by the computer of FIG. 1 for 
diagnosing and controlling the ignition system of 
FIG. 1, in accordance with another aspect of the 
present invention. 

FIG. 6A is a flowchart illustrating one embodiment 
of a software algorithm executable by the computer 
of FIG. 1 for increasing fuel quantity, retarding spark 
timing and reducing spark energy. 
FIG. 6B is a flowchart illustrating one embodiment 
of a software algorithm executable by the computer 
of FIG. 1 for decreasing fuel quantity, advancing 
spark timing and increasing spark energy. 



DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0027] For the purposes of promoting an understand- 
ing of the principles of the invention, reference will now 
be made to the embodiment illustrated in the drawings 
and specific language will be used to describe the 
same, It will nevertheless be understood that no limita- 
tion of the scope of the invention is thereby intended, 
such alterations and further modifications in the illus- 
trated device, and such further applications of the prin- 
ciples of the invention as illustrated therein being 
contemplated as would normally occur to one skilled in 
the art to which the invention relates. 
[0028] Referring now to FIG. 1, an apparatus 10 for 
diagnosing and controlling an ignition system of an 
internal combustion engine is shown, in accordance 
with the present invention. The ignition system includes 
an ignition coil 12 including a primary coil 14 magneti- 
cally coupled to a secondary coil 16 as is known in the 
art. The secondary coil defines a high voltage side 
(a.k.a. high tension side) having an output terminal 18 



and a low voltage side (a.k.a. low tension side) having 
an output terminal 20. High and low tension outputs 18 
and 20 are connected to a spark plug 22 in a conven- 
tional manner wherein the high tension output terminal 
s 1 8 is connected to a first electrode 22a and the low ten- 
sion terminal 20 is connected to a second electrode 
22b. wherein the electrodes 22a and 22b def tie a spark 
gap 22c therebetween, and wherein the low tension out- 
put terminal 20 is typically electrically connected to 
w ground potential via the engine block. 

[0029] A known ignition control circuit 24 has a lire" 
input F connected to a second computer, preferably a 
known engine control computer 26, via signal path 28, 
wherein the engine control computer 26 includes a 
is memory section 27 and is responsive to a number of 
engine operating parameters (not shown, but discussed 
generally in the BACKGROUND SECTION) to produce 
a firing command signal on signal path 28 via a firing 
command output FC thereof. In a so-called single firing 
20 system, the firing command signal comprises a single 
control signal having both a time of occurrence and sig- 
nal duration that are determined by the engine control 
computer 26 as is known in the art. In a so-called multi- 
ple firing system, on the other hand, the firing command 
2S signal comprises a sequence of control signals each 
having both a time of occurrence and signal duration 
that are determined by the engine control computer 26 
as is known in the art. In either case, the ignition control 
circuit 24 is connected to the primary coil 14 and is 
30 responsive to the firing command signal to energize the 
primary coil 14 from a voltage source, such as a vehicle 
battery, as discussed in the BACKGROUND SECTION. 
Also as discussed in the BACKGROUND SECTION, the 
ignition control circuit 24 is responsive to deactivation of 
35 the firing command signal to open circuit the primary 
coil 12 which induces a spark voltage in the secondary 
coil 16 for generating a spark in the gap 22c between 
electrodes 22a and 22b of the spark plug 22. 
[0030] In accordance with the present invention, a 
40 voltage sensor 30 is attached to the high tension side of 
the secondary coil 16 for sensing the spark voltage 
therein and providing a spark voltage signal corre- 
sponding thereto. Although voltage sensor 30 may be 
electrically connected to the high tension output termi- 
45 nal 18 in accordance with any known technique as 
shown schematically in FIG. 1, it is preferably formed 
integral with the windings of the high tension side of the 
secondary coil 16. In one embodiment, voltage sensor 
30 comprises a capacitor 32 having one end electrically 
so connected to the high tension windings of the second- 
ary coil 16 and an opposite end providing the spark volt- 
age signal, although the present invention contemplates 
providing voltage sensor 30 as any known combination 
of ac voltage sensing components, including known fil- 
55 tering components, for example. The value of the 
capacitor 32 depends upon the particular ignition sys- 
tem and spark voltage characteristics, and should gen- 
erally be chosen to provide a, spark voltage signal that 
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closely reserves the actual spark voltage provided to 
sparkplug 22. 

[0031] Trie spark voltage signal sensed by voltage 
sensor 30 is supplied to a spark voltage signal input 
(SVS) of a computer 34 via signal path 36. As the spark s 
voltage signal will generally be an analog signal, the 
SVS input is preferably includes an analog-to-digital 
(A/D) converter operable to digitize the spark voltage 
signal at a suitable sampling rate (typically 1.0 - 1.4 us) 
to thereby provide a digital representation of the spark 10 
voltage signal for subsequent processing by computer 
34. Preferably, computer 34 is microprocessor-based 
and includes digital signal processing capabilities as 
well as a memory section 35. Alternatively, memory 
section 35 may be provided remote from computer 34. 75 
and additional remote memory may be used to supple- 
ment memory 35. In one embodiment, computer 34 is a 
Motorola 68332 processor, although the present inven- 
tion contemplates utilizing any known computer, micro- 
processor and/or signal processor operable as 20 
described herein. One example of such an alternate 
computer is a microprocessor-based controller typically 
associated with a transmission extending from the inter- 
nal combustion engine and typically coupled to engine 
control computer 26 via a communications bus such as 25 
an SAE J1939 data bus. All processing described 
herein by computer 34 may thus be alternatively be car- 
ried out by a transmission controller, wherein data is 
exchanged with the engine control computer 26 via the 
J1 939 data bus. In another contemplated embodiment. 30 
ignition control circuit 24 and computer 34 may be com- 
bined into a single control circuit, which is illustrated by 
dashed box 37 in FIG. 1. 

[0032] In accordance with another aspect of the 
present invention, a second voltage sensor 38 is 35 
attached to the low tension side of secondary coil 16. 
When the primary coil 14 induces a spark voltage in the 
secondary coil 16. which is provided to spark plug 22 at 
high tension output 18 thereof, a Ngh impedance ion 
voltage is likewise induced in the secondary coil 16. « 
which is provided to spark plug 22 at the low tension 
output 20 thereof. Although voltage sensor 38 may be 
electrically connected to the low tension output terminal 
20 in accordance with any known technique as shown 
schematically in FIG. 1. it is preferably formed integral 45 
with the windings of the low tension side of the second- 
ary coil 16. In one embodiment, voltage sensor 38 com- 
prises a resistor 40 having one end electrically 
connected to the low tension windings of the secondary 
coil 1 6 and an opposite end connected to one end of a so 
capacitor 42 with the opposite end of the capacitor 42 
providing the ion voltage signal, although the present 
invention contemplates providing voltage sensor 38 as 
any known combination of high ac voltage sensing com- 
ponents operable to sense the high impedance ion volt- 55 
age signal and provide an ion voltage signal 
corresponding thereto. The values of the resistor 40 and 
capacitor 38 depend upon the particular ignition system 



and ion voltage characteristics, and should generally be 
chosen to provide an ion voltage signal that closely 
resembles the actual ion voltage provided to spark plug 
22. 

[0033] The ion voltage signal sensed by voltage sen- 
sor 38 is supplied to an ion voltage signal input (IDS) of 
a computer 34 via signal path 44. As the ion voltage sig- 
nal will generally be an analog signal, the IDS input is 
preferably includes an analog-to-digital (A/D) converter 
operable to digitize the ion voltage signal at a suitable 
sampling rate to thereby provide a digital representation 
of the ion voltage signal for subsequent processing by 
computer 34. 

[0034] The ignition system components described 
thus far are shown in FIG. 1 as encompassed by a 
dashed polygon which is intended to represent an inter- 
nal combustion engine 46. Some or all of such compo- 
nents may be attached to the engine 46 as is known in 
the art. Also attached to engine 46 is a known fueling 
system 56 having an input connected to a fuel signal 
output FS of computer 26 via signal path 58. As is 
known in the art. computer 26. which is preferably a 
known engine control computer, is operable to provide 
fueling command signals to fueling system 56 via signal 
path 58, to which fueling system 56 is responsive to pro- 
vide fuel to engine 46. More specifically, fueling system 
56 is responsive to the fueling command signals on sig- 
nal path 58 to provide appropriate amounts of fuel to 
engine 46 to thereby provide each of the cylinders (not 
shown) of engine 46 with appropriate air-fuel ratios. 
Computer 26 also includes an input/output port I/O con- 
nectable to a known service/recalibration tool 60 via sig- 
nal path 62. wherein tool 60 is preferably a computer- 
controlled device operable to transfer information, such 
as engine recalibration software, etc.. to computer 26. 
and to extract information, such as engine/vehicle oper- 
ating or diagnostics information, from computer 26 as is 
known in the art. Signal path 62 is preferably a known 
serial data communications bus, and in one embodi- 
ment is an SAE (Society of Automotive Engineers) 
J1587/J1 708/J1939 data bus which operates in accord- 
ance with the technical specifications set forth in the 
SAE J1587/J1708/J1939 standard. According to the 
SAE J1587/J1708/J1939 industry bus standard, com- 
puter 26 and computer 34 are operable to both send 
and receive data relating to the operational parameters 
of the vehicle and/or engine 46. 
[0035] Computer 34 further includes a trigger input T 
connected to signal path 28. Computer 34 is responsive 
to the firing command signal provided by computer 26 to 
trigger subsequent processing of the spark voltage sig- 
nal provided by sensor 30 and/or the ion voltage signal 
provided by the sensor 38. which processing will be dis- 
cussed in greater detail hereinafter. 
[0036] Computer 34 further includes an ignition diag- 
nostics output (DIAG) connected to an ignition diagnos- 
tics input (ID) of computer 26 via signal path 50. 
According to one aspect of the operation of system 10. 
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the details of which wilt be described more fully herein- 
after, computer 34 is operable to compare the spark 
voltage signal provided by sensor 30 with a number of 
spark voltage waveforms stored in memory 35 and gen- 
erate an appropriate diagnostic signal depending upon 
which of the number of spark voltage waveforms 
matches the spark voltage signal provided by sensor 
30. The number of spark voltage waveforms stored in 
memory 35 may include, for example, spark voltage 
waveforms of any of a number of known ignition system 
failure modes as well as a spark voltage waveform indic- 
ative of normal ignition system operation. In one 
embodiment, computer 34 is responsive to the diagnos- 
tic signal to store in memory 35 an appropriate flag or 
code corresponding to which of the number of spark 
voltage waveforms matches the spark voltage signal. 
For example, if the spark voltage signal matches the 
spark voltage waveform indicative of normal system 
operation, computer 34 stores a "normal" flag or code in 
memory 35. Conversely, if the spark voltage signal 
matches one of the spark voltage waveforms corre- 
sponding to a known ignition system failure mode, com- 
puter 34 stores a corresponding "error" flag or code in 
memory 35. In this embodiment, service/recalibration 
tool 60 may extract the flags or codes stored in memory 
35 by interrogating computer 26 for such information, 
wherein computer 26 is responsive to such interrogation 
to extract the flags or codes from memory 35 via signal 
path 50, which may be a serial data link such as the 
SAE J1587/J1708/J1939 bus, and provide such infor- 
mation to tool 60 over serial data link 62. In an alternate 
embodiment, computer 34 provides the diagnostic sig- 
nal to computer 26 via signal path 50, and computer 26 
is operable to store an appropriate flag or code (such as 
a "normal" flag or code, or "error" flag or code) within 
memory 27 thereof. In this alternate embodiment serv- 
ice/recalibration tool 60 may extract the flags or codes 
stored in memory 27 by interrogating computer 26 for 
such information, wherein computer 26 is responsive to 
such interrogation to extract the flags or codes from 
memory 27 and provide such information to tool 60 over 
serial data link 62. 

[0037] Computer 34 further includes a spark energy 
feedback output SEF connected to a spark energy input 
SE of ignition control circuit 24 via signal path 46. 
According to one aspect of the operation of system 10, 
the details of which will be described more fully herein- 
after, computer 34 is operable to determine from the 
spark voltage signal provided by sensor 30 and/or the 
ion voltage signal provided by sensor 38 a spark energy 
conection signal which is provided by computer 34 on 
signal path 48. The ignition control circuit 24 is respon- 
sive to the spark energy correction signal provided to 
input SE thereof by computer 34 to adjust the energy of 
the spark induced in the spark gap 22c. Ignition control t 
circuit 24 is preferably operable to adjust the spark 
energy by either altering the duration of the firing com- 
mand signal of a single firing system or by altering the 



number of firing commands and/or durations of the firing 
command signals of a multiple firing system. Those 
skilled in the art will, however, recognize that computer 
34 may alternatively provide the spark energy correc- 

5 tion signal to computer 26 which may be operable to 
process this signal and alter the firing command signal 
provided at output FC thereof accordingly. In this alter- 
nate embodiment, computer 26 is thus operable to 
adjust the spark energy and provide an "adjusted" firing 

io command signal to the ignition control circuit 24 to 
implement the adjustment in spark energy. The" phrase 
"ignition control circuit responsive to a spark energy cor- 
rection signal to alter (increase or reduce) the firing 
command to thereby alter the spark energy of the spark 

15 induced in the spark gap" or equivalent phrase, as used 
hereinafter, should accordingly be understood to mean 
that the ignition control circuit 24 is responsive to either 
the spark energy feedback signal provided on signal 
path 48 by computer 34 or a spark energy adjusted fir- 

20 ing command signal provided on signal path 28 by com- 
puter 26. to implement a corresponding adjustment in 
the spark energy of the spark induced in the spark gap 
22c of spark plug 22. 

[0038] Computer 34 further includes a spark timing 
25 feedback output STF connected to a spark timing cor- 
rection input STC of computer 26 via signal path 54. 
According to one aspect of the operation of system 10. 
the details of which will be described more fully herein- 
after, computer 34 is operable to determine from the ion 
30 voltage signal provided by sensor 38 a spark timing cor- 
rection signal which is provided by computer 34 on sig- 
nal path 54. The computer 26 is responsive to the spark 
timing correction signal provided to input STC thereof 
by computer 34 to alter the timing of the firing command 
35 signal provided at output FC thereof. More specifically, 
computer 26 is responsive to the spark timing correction 
signal provided on signal path 54 to either advance or 
retard the firing command timing to thereby correspond- 
ingly advance or retard the time at which the ignition 
40 control circuit 25 energizes the primary coil 14 of igni- 
tion coil 12. Those skilled in the art will, however, recog- 
nize that computer 34 may alternatively provide the 
spark timing correction signal to the ignition control cir- 
cuit 24 which may be operable to process this signal 
45 and alter the timing of the firing command signal pro- 
vided to input F thereof, it being understood however, 
that such an arrangement may only be used to advance 
the timing of the firing command signal and not to retard 
it. In this alternate embodiment, the ignition control cir- 
50 cuit 24 is thus operable to advance the spark timing by 
adjusting its time of response to the firing command sig- 
nal provided to input F thereof. 
[0039] Computer 34 further includes a fueling feed- 
back output FF connected to a fuel correction signal 
is input FCS of computer 26 via signal path 52. According 
to one aspect of the operation of system 10, the details 
of which will be described more fully hereinafter, com- 
puter 34 is operable to determine from the ion voltage 
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signal provided by sensor 38 a fueling command correc- 
tion signal which is provided by computer 34 on signal 
path 52. The computer 26. preferably an engine control 
computer, is responsive to the fueling command correc- 
tion signal provided to input FCS thereof by computer 5 
34 to alter the fueling command signal provided to 
fueling system 56 via signal path 56 to thereby corre- 
sponcSngly alter (increase or decrease) the fuel sup- 
plied by fueling system 56 to engine 46 (and 
consequently the air-fuel ratios provided to the engine w 
cylinders). 

[0040] Referring now to FIGS. 2A-2G. a number of 
spark voltage signal waveforms are shown, which wave- 
forms are preferably stored in memory 35 of computer 
34 as described hereinabove. In accordance with one is 
aspect of the present invention, computer 34 is respon- 
sive to the firing command signal received at the trigger 
input T thereof to sample the spark voltage signal pro- 
vided by sensor 30. at an appropriate sampling rate, 
and compare the sampled spark voltage signal with the 20 
number of spark voltage waveforms stored in memory 
35, and store an appropriate flag or code in either mem- 
ory 35 or memory 27 in response thereto, as described 
hereinabove. Preferably, comparisons of the sampled 
spark voltage waveform with the number of spark volt- 25 
age waveforms stored in memory 35 are performed in 
accordance with a known signature analysis technique 
wherein a number of points of the sampled spark volt- 
age waveform over a predefined time span are com- 
pared with corresponding points of the spark voltage 
waveforms stored in memory 35. If the number of points 
of the sampled spark voltage waveform match any of 
the spark voltage waveforms stored in memory 35. 
within an allowable error band, computer 34 generates 
an appropriate diagnostic signal. Either computer 34 or 
computer 26 is responsive to the diagnostic signal to 
store a corresponding flag or code in memory 35 or 
memory 27. as described hereinabove. Those skilled in 
the art will, however, recognize that other known tech- 
niques may alternatively be employed by computer 34 
in determining whether the sampled spark voltage sig- 
nal matches any of the number of spark voltage wave- 
forms stored in memory 35. 

[0041] Referring now to FIG. 2A, an example spark 
voltage waveform or signature 70 is illustrated, wherein 
waveform 70 corresponds to a normal spark voltage 
waveform or signature. As shown in FIG. 2A, the normal 
spark voltage waveform 70 exhibits a first voltage peak 
72 which, in the example shown, is slightly less than 20 
kv. The peak value of voltage peak 72 corresponds to 
the breakdown voltage of the spark gap 22c of spark 
plug 22, wherein such a breakdown event allows subse- 
quent generation of an arc within gap 22c between elec- 
trodes 22a and 22b as is known in the art. Computer 34 
is operable to compare the sampled spark voltage sig- 
nal with the spark voltage waveform 70 of FIG. 2A, as 
described hereinabove, and produce a diagnostic signal 
from which a "normal" flag or code can be stored in an 



appropriate memory rf a match therebetween is deter- 
mined. 

[0042] Referring now to FIG. 2B, an example spark 
voltage waveform or signature 74 of one known ignition 
system failure mode is illustrated. Specifically, spark 
voltage waveform 74 is characteristic of a plug-boot fail- 
ure wherein an arc occurs between the top of electrode 
22a (the portion of electrode 22a connected directly to 
the high tension side of the secondary coil 1 8) and elec- 
trode 22b (typically at a metal shell surrounding a lower 
portion of plug 22 and connected to electrode 22b), 
which failure mode is typically referred to as a 
llashover" condition. Computer 34 is operable to com- 
pare the sampled spark voltage signal with the spark 
voltage waveform 74 of FIG. 2B. as described herein- 
above, and produce a diagnostic signal from which a 
corresponding error flag or code can be stored in an 
appropriate memory if a match therebetween is deter- 
mined. 

[0043] Referring now to FIG. 2C, an example spark 
voltage waveform or signature 76 of another known igni- 
tion system failure mode is illustrated. Specifically, 
spark voltage waveform 76 is characteristic of a plug 
wire open failure wherein the electrical conductor con- 
necting electrode 22a to high tension output terminal 18 
of secondary coil 16 is open circuited somewhere there 
along. Computer 34 is operable to compare the sam- 
pled spark voltage signal with the spark voltage wave- 
form 76 of FIG. 2C, as described hereinabove, and 
produce a diagnostic signal from which a corresponding 
error flag or code can be stored in an appropriate mem- 
ory if a match therebetween is determined. 
[0044] Referring now to FIG. 2D, an example spark 
voltage waveform or signature 78 of yet another known 
ignition system failure mode is illustrated. Specifically, 
spark voltage waveform 78 is characteristic of an exten- 
sion/wire failure wherein an arc occurs between the 
electrode 22a. or the electrical conductor connecting 
electrode 22a to the high tension output terminal 18 of 
secondary coil 16. to ground potential (typically the 
engine block) via a path internal to the spark plug 22. 
which failure mode is typically refened to as a "punch- 
through" condition. Computer 34 is operable to compare 
the sampled spark voltage signal with the spark voltage 
waveform 78 of FIG. 2D, as described hereinabove, and 
produce a diagnostic signal from which a corresponding 
error flag or code can be stored in an appropriate mem- 
ory if a match therebetween is determined. 
[0045] Referring now to FIG. 2E, an example spark 
voltage waveform or signature 80 of still another known 
ignition system failure mode is illustrated. Specifically, 
spark voltage waveform 80 is characteristic of a first coil 
failure type wherein an arc occurs between the primary 
coil 14 and secondary coil 16 of ignition coil 12, typically 
internally to the ignition coil 1 2. Computer 34 is operable 
to compare the sampled spark voltage signal with the 
spark voltage waveform 80 of FIG. 2E, as described 
hereinabove, and produce a diagnostic signal from 
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which a corresponding error flag or code can be stored 
in an appropriate memory rf a match therebetween is 
determined. 

[0046] Referring now to FIG. 2F, an example spark 
voltage waveform or signature 82 of a further known 
ignition system failure mode is illustrated. Specifically, 
spark voltage waveform 82 is characteristic of a second 
coil failure type wherein an arc occurs between any of 
the windings of the secondary coil 1 6 of ignition coil 1 2. 
Computer 34 is operable to compare the sampled spark 
voltage signal with the spark voltage waveform 82 of 
FIG. 2F, as described hereinabove, and produce a diag- 
nostic signal from which a corresponding error flag or 
code can be stored in an appropriate memory rf a match 
therebetween is determined. 
[0047] Referring now to FIG. 2G, an example spark 
voltage waveform or Signature 84 of yet a further known 
ignition system failure mode is illustrated. Specifically, 
spark voltage waveform 84 is characteristic of a third 
coil failure type wherein an electrical short occurs 
between a number of the windings of the secondary coil 
16 of ignition coil 12. Computer 34 is operable to com- 
pare the sampled spark voltage signal with the spark 
voltage waveform 84 of FIG. 2G, as described herein- 
above, and produce a diagnostic signal from which a 
corresponding error flag or code can be stored in an 
appropriate memory if a match therebetween is deter- 
mined. 

[0048] Referring now to FIGS. 3A and 3B, a pair of 
sampled spark voltage signals are shown which corre- 
spond to two different spark voltage signal related fail- 
ures which may occur in ignition system 10. In 
accordance with another aspect of the present inven- 
tion, computer 34 is operable to process the sampled 
spark voltage signals in order to determine certain char- 
acteristics of the first voltage peak (e.g. voltage peak 72 
of spark voltage waveform 70 of FIG. 2A), wherein this 
peak corresponds to the breakdown voltage of the 
spark gap 22c. 

[0049] Referring now to FIG. 3A, a sampled spark 
voltage signal 86 is illustrated which corresponds to a 
plug prognostic failure wherein the peak value of the 
first voltage peak 88 (i.e. the breakdown voltage V BD of 
spark gap 22c) is excessively high. Peak 88, as illus- 
trated in FIG. 3A, is sJightty less than 30 kv as compared - 
with the voltage peak 72 of FIG. 2A which is slightly less 
than 20 kv. In accordance with an important aspect of 
the present invention, as described hereinabove, com- 
puter 34 is operable to detect a peak value of the first 
voltage peak 88 and compare this with a peak threshold e 
value. In one embodiment, the peak threshold value is 
set equal to the "normal" peak value of approximately 
20 kv, although the present invention contemplates set- 
ting the peak threshold value at any voltage level for 
which the corresponding breakdown voltage V BD is con- s 
sidered to be excessively high. If computer 34 deter- 
mines that the peak value of the first voltage peak 88 
(i.e. spark gap breakdown voltage V B0 ) exceeds the 



peak threshold value, computer 34 is preferably opera- 
ble to produce a first prognostic signal. As described 
hereinabove with respect to FIGS. 2A-2G, computer 34 
may. in one embodiment, be responsive to the first prog- 
5 nostic signal to store a corresponding first prognostic 
code in memory 35. Alternatively, computer 34 may pro- 
vide the first prognostic signal to computer 26 via signal 
path 50, wherein computer 26 is operable to store the 
first prognostic code within memory 27. In either case, 
10 service/recalibration tool 60 may be connected to I/O of 
computer 26 to extract the first prognostic code from 
either of memory 35 or memory 27 as described herein- 
above. As long as the voltage peak 88 is below the peak 
threshold value, the first prognostic code indicates nor- 
15 rnal operating conditions. However, when the voltage 
peak 88 exceeds the peak threshold value, the first 
prognostic code provides an indication that the corre- 
sponding spark plug is beginning to foul and should 
therefore be replaced. The present invention thus pro- 
20 vides for a prognostic spark plug analysis system 
wherein pending failure of one or more of the spark 
plugs associated with the internal combustion engine 46 
may be predicted. Such a system provides advance 
warning of pending failure conditions so that mainte- 
25 nance times may be scheduled and/or parts may be 
ordered in advance of actual failure conditions to 
thereby minimize down time and schedule conflicts. 
[0050] Referring now to FIG. 3B, a sampled spark volt- 
age signal 90 is illustrated which corresponds to a coil 
30 prognostic failure wherein the first voltage peak 92 (i.e. 
the breakdown voltage V BD of spark gap 22c) is 
rounded. In accordance with another important aspect 
of the present invention, as described hereinabove, 
computer 34 is operable to determine a slope of the first 
35 voltage peak 92, particularly about its peak value, and 
compare this computed slope with a predefined slope 
value. In one embodiment, computer 34 includes a dif- 
ferentiator operable to compute the slope of the first 
voltage peak 92, although the present invention con- 
40 templates that computer 34 may alternatively be 
equipped to compute the slope of the first voltage peak 
92 in accordance with any known slope-determining 
technique. In any case, the slope of the first voltage 
peak 92 provides an indication of whether the peak 
ts value thereof is sharply defined (i.e. occurs instantane- 
ously in time) or whether the peak value has broadened 
out over some time interval. In one embodiment, the 
predefined slope value is accordingly set equal to zero, 
although the present invention contemplates setting the 
o predefined slope value to any value below which the 
peak value of the first voltage peak 92 is not sharply 
defined. If computer 34 determines that the slope of the 
first voltage peak 92 about the peak value (i.e. spark 
gap breakdown voltage V BD ) exceeds the predefined 
5 slope value, computer 34 is preferably operable to pro- 
duce a second prognostic signal. As described herein- 
above with respect to FIGS. 2A-2G, computer 34 may. 
in one embodiment, be responsive to the second prog- 
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nostic signal to store a corresponding second prognos- 
tic code in memory 35. Alternatively, computer 34 may 
provide the second prognostic signal to computer 26 via 
signal path 50. wherein computer 26 is operable to store 
the second prognostic code within memory 27. In either 
case, service/recalibration tool 60 may be connected to 
I/O of computer 26 to extract the second prognostic 
code from either of memory 35 or memory 27 as 
described hereinabove. As long as the slope of the first 
voltage peak 92 is below the predefined slope value, the 
second prognostic code indicates normal operating 
conditions. However, when the slope of the first voltage 
peak 92 exceeds the predefined slope value, the sec- 
ond prognostic code provides an indication that the cor- 
responding coil is beginning to fail and should therefore 
be replaced. Trie present invention thus provides for a 
prognostic coil analysis system wherein pending failure 
of one a more of the coits associated with the internal 
combustion engine 46 may be predicted. Such a system 
provides advance warning of pencfing failure conditions 
so that maintenance times may be scheduled and/or 
parts may be ordered in advance of actual failure condi- 
tions to thereby minimize down time and schedule con- 
flicts. 

[0051 J In accordance with yet another aspect of the 
present invention, computer 34 is operable at all times 
(i.e. regardless of whether any of the ignition system 
failure modes illustrated in FIGS. 2A-3B are present) to 
monitor the sampled spark voltage signal and compute 
a spark energy value therefrom which corresponds to 
the energy of the spark induced in the spark gap 22c of 
spark plug 22. In particular, computer 34 is operable to 
determine the spark gap breakdown voltage V BD from 
the sampled spark voltage signal as descrtoed herein- 
above and in accordance with known techniques. Pref- 
erably, information relating to the distance G between 
electrode 22a and electrode 22b (spark gap dimension) 
is stored in memory 35 of computer 34. so that an in-cyl- 
inder density 8 can be computed in a known manner by 
computer 34 as a function of the breakdown voltage 
V BD and spark gap G (22c), or 

8=/(G.V BD ) (1). 

In accordance with another known equation, the mini- 
mum energy necessary to induce a spark in the spark 
gap is a function of the spark gap G, or 



Finally, it is also known that a minimum spark gap G^ 
is necessary to prevent quenching, wherein Gm in is a 
function of the air-fuel ratio X of the cylinder being 
fueled, or 

G mln = f(W W 
Combining equations (1). (2) and (3). 



^-/(Vbd.G.'W) (4) - 

[0052] From the foregoing equations (l)-{4). it can be 
seen that the minimum energy necessary to induce 

s breakdown of the spark gap G can be computed by 
determining the breakdown voltage V BD (via a determi- 
nation of the peak value of the corresponding voltage 
peak of the spark voltage waveform), determining val- 
ues for G and f*(X). and computing E min therefrom. Pref- 

10 erabry. G is a known value and stored within memory 
35, and f{X) is computed by computer 26 and supplied 
to computer 34 through suitable means such as by a 
data link established therebetween (not shown), 
although the present invention contemplates that both 

is G and f{X) may be values stored within memory 35 of 
computer 34. In any case, computer 34 is operable to 
compute a spark energy correction signal based on the 
computed value of E mln and provide this signal at output 
SEF thereof. As described hereinabove, the ignition 

20 control circuit 24 is responsive (either directly or via 
computer 26) to the spark energy correction signal to 
correspondingly alter the firing command signal pro- 
vided to input F thereof to thereby energize the primary 
coil 14 and induce a spark in spark gap 22c having a 

25 spark energy of E min . Thus, an important feature of the 
present invention lies in its ability to constantly (i.e. once 
every firing cycle) adjust the firing command signal to 
thereby maintain the spark energy at a minimum energy 
required to achieve breakdown across the spark gap 

30 22c. If the spark energy is maintained at this minimum 
value, erosion of electrodes 22a and 22b is thereby min- 
imized. 

[0053] Referring now to FIGS. 4A and 4B. computer 
34 is operable to sample ion voltage signals provided by 

35 sensor 38. at a suitable sampling rate, process the ion 
voltage signals and adjust one or more of the opera- 
tional parameters associated with the ignition system 10 
to thereby optimize combustion quality. Referring specif- 
ically to FIG. 4A, a number of sampled ion voltage sig- 

40 nals are illustrated as a function of time wherein each of 
the signals represent 20 cycle averages (ion voltage 
signals averaged over 20 firing cycles). Trie ion voltage 
signal 98 represents an ion voltage signal under normal 
engine operating conditions and under normal opera- 

45 tion of ignition system 10. 

[0054] In operation, computer 34 is operable to proc- 
ess the ion voltage signal and determine a combustion 
quality value therefrom. In one embodiment, computer 
34 is operable to do so by computing the area under the 

so ion voltage signal over a predefined time period (prefer- 
ably between t = 0 and a time t whereafter the ion volt- 
age signal is equal, or sufficiently close, to 0). wherein 
the area under the ion voftage signal provides an indica- 
tion of combustion quality. Within a predefined range of 

55 area values, combustion quality increases as the area 
value increases, and decreases as the area value 
decreases. An example range of such area values is 
illustrated graphically in FIG. 4A by a minimum accepta- 
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ble ion voltage signal 96 and a maximum acceptable ion 
voltage signal 100. Below ion voltage signal 96, any 
such signals would have an area value corresponding to 
unacceptable combustion quality. Likewise, above ion 
voltage signal 100, any such signals would have an 
area value corresponding to unacceptable combustion 
quality. Computer 34 is thus operable to compare the 
sampled ion voltage signal with the range limits and 
determine whether the combustion quality exhibited by 
the sample ion voltage signal is acceptable or unaccept- 
able. In one embodiment, computer 34 is operable to do 
so by computing the area under the sampled ion voltage 
signal and comparing this area value to an area value 
corresponding to an area value of an ion voltage signal 
occurring at the top of the range limit (hereinafter "upper 
area boundary") and also to an area value correspond- 
ing to an area value of an ion voltage signal occurring at 
the bottom of the range limit (hereinafter lower area 
boundary"). If the area value of the sampled ion voltage 
signal is larger than the upper area threshold, then com- 
puter 34 determines that combustion quality is unac- 
ceptable and accordingly adjusts certain operating 
parameters of ignition system 10 and/or fueling system 
56. 

[0055] In one embodiment computer 34 is responsive 
to the area under the sampled ion voltage signal 
exceeding the upper area boundary to provide a first 
fueling correction signal to computer 26 via signal path 
52. Computer 26 is responsive to the first fueling com- 
mand correction signal to alter the fueling command sig- 
nal provided to fueling system 56 via signal path 58 to 
thereby decrease the amount of fuel supplied to the 
engine 14. Preferably, computer 34 keeps track of the 
number of firing cycles (number of firing command sig- 
nals received at the trigger input T thereof), and pro- 
vides the first fueling command correction signal during 
the first firing cycle that the unacceptable combustion 
condition is detected. During the following firing cycle 
(i.e. after the fueling command signal has been cor- 
rected as just described), computer 34 again makes a 
determination of whether the area under the sampled 
ion voltage signal exceeds the upper area boundary. If 
so, computer 34 is operable to provide a first ignition 
timing correction signal to computer 26 via signal path 
54. Computer 26 is responsive to the first ignition timing 
correction signal to alter the firing command signal pro- 
vided to the ignition control circuit 24 via signal path 28 
to thereby retard the time at which ignition control circuit 
24 energizes the primary coil 14 as described herein- 
above. During the following firing cycle (i.e. after both 
the fueling command signal and the firing command sig- 
nal have been corrected as just described), computer 
34 again makes a determination of whether the area 
under the sampled ion voltage signal exceeds the upper 
area boundary. If so. computer 34 is operable to provide 
a first spark energy correction signal to ignition control 
circuit 24 via signal path 48. Ignition control circuit 24 is 
responsive to the first spark energy correction signal to 



reduce the spark energy, as described hereinabove, by 
suitably altering the duration and/or number of firing 
command signals provided by computer 26 on signal 
path 28. 

s [0056] Computer 34 is further preferably responsive to 
the area under the sampled ion voltage signal being 
less than the lower area boundary to provide a second 
fueling correction signal to computer 26 via signal path 
52 during the first firing cycle. Computer 26 is respon- 
se sive to the second fueling command correction signal to 
alter the fueling command signal provided to fueling 
system 56 via signal path 58 to thereby increase the 
amount of fuel supplied to the engine 14. During the fol- 
lowing firing cycle (i.e. after the fueling command signal 
is has been corrected as just described), computer 34 
again makes a determination of whether the area under 
the sampled ion voltage signal is less than the lower 
area boundary. If so, computer 34 is operable to provide 
a second ignition timing correction signal to computer 
20 26 via signal path 54. Computer 26 is responsive to the 
second ignition timing correction signal to alter the firing 
command signal provided to the ignition control circuit 
24 via signal path 28 to thereby advance the time at 
which ignition control circuit 24 energizes the primary 
25 coil 14 as described hereinabove. During the following 
firing cycle (i.e. after both the fueling command signal 
and the firing command signal have been corrected as 
just described), computer 34 again makes a determina- 
tion of whether the area under the sampled ion voltage 
30 signal is less than the lower area boundary. If so, com- 
puter 34 is operable to provide a second spark energy 
correction signal to ignition control circuit 24 via signal 
path 48. Ignition control circuit 24 is responsive to the 
second spark energy correction signal to increase the 
35 spark energy, as described hereinabove, by suitably 
altering the duration and/or number of firing command 
signals provided by computer 26 on signal path 28. 
[0057] Ion vottage signal 94 shown in FIG. 4A repre- 
sents a signal having an area value (hereinafter "misfire 
40 area boundary") below which any lesser ion voltage sig- 
nal corresponds to an engine misfire. Computer 34 is 
thus operable to compare the area under the sampled 
ion vottage signal with the misfire area boundary and, if 
the area under the sampled ion voltage signal is larger 
45 than the misfire area boundary, and the combustion 
quality is otherwise acceptable, computer 34 preferably 
stores a flag or code within memory 35 indicative of nor- 
mal (i.e. non-misfire) operation. If, on the other hand, 
computer 34 determines that the area under the sam- 
so pled ion voltage signal is less than the misfire area 
boundary, computer 34 stores a corresponding misfire 
flag or code within memory 35. Alternatively, computer 
34 may pass such information to computer 26 for stor- 
age within memory 27. In either case, service/recalibra- 
55 tion tool 60 is operable, as described hereinabove, to 
extract the flag or code information from the appropriate 
memory device. 

[0058] Computer 34 is alternatively operable to proc- 
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ess the Ion voltage signal and perform a combustion 
quality analysis by comparing the ion voltage signal 
(such as ion voltage signal 98) with a predefined ion 
voltage waveform stored in memory, in a similar mariner 
to the techniques described with respect to FIGS. 2A- 
2G. In other words, computer 34 may alternatively be 
operable to perform a signature analysis technique with 
respect to the sensed ton voltage signal and determine 
therefrom a combustion quality value. For example, if 
computer 34 determines that the sensed ton voltage 
signal exceeds the predefined ton voltage signal wave- 
form by a first threshold amount, then subroutine B of 
FIG. 6B may be performed. On the other hand, if com- 
puter 34 determines that the predefined ion voltage sig- 
nal waveform exceeds the sensed ion voltage signal by 
a second threshold amount, then subroutine A of FIG. 
6A may be performed. Finally, if computer 34 deter- 
mines that the predefined ton voltage signal waveform 
exceeds the sensed ion voltage signal by a third thresh- 
old amount, then computer 34 may be operable to store 
a corresponding misfire code within memory as 
described hereinabove. 

[0059] Referring now to FIG. 4B. a single ion voltage 
signal 102 is illustrated. In accordance with yet another 
aspect of the present invention, computer 34 is operable 
to process a portion of the sampled ion voltage signal 
and determine therefrom a roughness value corre- 
sponding to engine knock. In one embodiment, compu- 
ter 34 is operable to determine a time ^ at which to 
begin the roughness analysis of the sampled ion volt- 
age signal. Thereafter, computer 34 performs the 
roughness analysis until a time X y + At Preferably, the 
time \, corresponds to a point in time of the firing cycle 
that corresponds to peak cylinder pressure, whereafter 
any engine knocking indication will be manifested in the 
sampled ion voltage signal. In one embodiment, compu- 
ter 34 performs the roughness analysis of the sampled 
ion voltage signal between the times t, and \, + At by 
analyzing frequency components above some prede- 
fined frequency of the sampled ion voltage signal If the 
sampled ion voltage signal exhibits a sufficient number 
of high frequency peaks 104 having peak values larger 
than some peak threshold, computer 34 accordingly 
determines that the sampled ion voltage signal is exces- 
sively rough. Otherwise, computer 34 determines that 
the sampled ion voltage signal is sufficiently smooth. 
[0060] In one embodiment, computer 34 is responsive 
to a determination that the sampled ion voltage is 
excessively rough to provide a fueling correction signal 
to computer 26 via signal path 52. Computer 26 is 
responsive to the fueling command correction signal to 
alter the fueling command signal provided to fueling 
system 56 via signal path 58 to thereby decrease the 
amount of fuel supplied to the engine 14. Preferably, 
computer 34 again keeps track of the number of firing 
cycles (number of firing command signals received at 
the trigger input T thereof), and provides the fueling 
command correction signal during the first firing cycle 



that the excessively rough ion voltage signal condition is 
detected. During the following firing cycle (i.e. after the 
fueling command signal has been corrected as just 
described), computer 34 again makes a determination 

5 of whether the sampled ion voltage is excessively 
rough. If so, computer 34 is operable to provide an igni- 
tion timing correction signal to computer 26 via signal 
path 54. Computer 26 is responsive to the ignition tim- 
ing correction signal to alter the firing command signal 

io provided to the ignrtton control circuit 24 via signal path 
28 to thereby retard the time at which ignition control cir- 
cuit 24 energizes the primary coil 14 as described here- 
inabove. During the following firing cycle (i.e. after both 
the fueling command signal and the f iring command sig- 

J5 nal have been corrected as just described), computer 
34 again makes a determination of whether the ion volt- 
age signal is excessively rough. If so. computer 34 is 
operable to provide a spark energy correction signal to 
ignition control circuit 24 via signal path 48. Ignition con- 
so trol circuit 24 is responsive to the spark energy correc- 
tion signal to reduce the spark energy, as described 
hereinabove, by suitably altering the duration and/or 
number of firing command signals provided by compu- 
ter 26 on signal path 28. 

25 [0061 ] Computer 34 is alternatively operable to proc- 
ess the ion voltage signal and perform a roughness 
analysis by comparing the ion voltage signal 102 with a 
predefined ion voltage waveform stored in memory, in a 
similar manner to the techniques described with respect 

30 to FIGS. 2A-2G. In other words, computer 34 may alter- 
natively be operable to perform a signature analysis 
technique with respect to the sensed ion voltage signal 
and determine therefrom a roughness value of the por- 
tion 104 of the ion voltage signal 102. For example, if 

35 computer 34 determines that the sensed ion voltage 
signal exceeds the predefined ion voltage signal wave- 
form by a first threshold amount for the signal portion 
104, then subroutine B of FIG. 6B may be performed. 
[0062] Referring now to FIGS. 5A-5C. a flowchart is 

40 shown illustrating one embodiment of a software algo- 
rithm 200, preferably executable by computer 34 of FIG. 
1, for implementing the concepts of the present inven- 
tion. Algorithm 200 begins at step 202. and at step 204. 
computer 34 receives (samples) the spark voltage sig- 

45 nal provided by sensor 30 as well as the ion voltage sig- 
nal provided by sensor 38. As described hereinabove, 
computer 34 is preferably triggered to samples such 
voltages by the firing command signal provided by com- 
puter 26 on signal path 28. In any case, algorithm exe- 

so cution continues from step 204 at step 206 where 
computer 34 determines the breakdown voltage V Br > 
which corresponds to peak value of a corresponding 
voltage peak of the spark voltage signal (e.g. voltage 
peak 72 of FIG. 2A). according to known techniques, 

55 and computes the slope of the voltage peak about the 
peak value (i.e dV BD /dt), also in accordance with known 
techniques. Thereafter at step 208. computer 34 is 
operable to compute a spark energy value (SEV), pref- 
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eraUy in accordance with equations (1)-{4) descnbed 
hereinabove. 

[0063] Thereafter at step 210. computer 34 is opera- 
ble to compare V BD with a threshold voltage V^. If V BD 
is less than or equal to V TH , algorithm execution contin- 
ues at step 214. If, on the other hand, V BD is greater 
than Vjh at step 210, algorithm execution continues at 
step 212 where computer 34 produces a plug diagnostic 
code which is stored within memory 35 or 27 as 
described hereinabove. Thereafter, algorithm execution 
continues at step 218. 

[0064] At step 214, computer 34 has determined that 
V B0 is less than or equal to V m and computer 34 
accordingly determines a slope of the voltage peak 
about the breakdown voltage V Br > preferably by differ- 
entiating the sampled spark voltage signal about V Br > 
and compares this slope with a predefined slope thresh- 
old C as described hereinabove, ff the slope of the sam- 
pled spark voltage signal about V BD is greater than C. 
algorithm execution-continues at step 218. ff, however, 
computer 34 determines that the slope of sampled 
spark voltage signal about V BD is less than C, algorithm 
execution continues at step 216 where computer 34 
produces a coil diagnostic code which is stored within 
memory 35 or 27 as described hereinabove. Algorithm 
execution continues from step 216 at step 218. 
[0065] At step 218, computer 34 is operable to com- 
pare the sampled spark voltage signal with the number 
of spark voltage waveforms stored in memory 35 as 
described hereinabove. Thereafter at step 220, compu- 
ter 34 determines whether the sampled spark voltage 
waveform matches any of the spark voltage waveforms 
stored in memory 35. If no matches are determined, 
algorithm execution continues at step 224. If, on the 
other hand, computer 34 determines at step 220 that 
the sampled spark voltage waveform matches one of 
the spark voltage waveforms stored in memory 35, algo- 
rithm execution continues at step 222 where a corre- 
sponding flag or code is stored within memory as 
described hereinabove. Thereafter, algorithm execution 
continues at step 224. 

[0066] At step 224, computer 34 is operable to com- 
pute the area under the sampled ion voltage signal as 
described with respect to FIG. 4A. Preferably, computer 
34 includes an integrator operable to perform such a 
computation, although the present invention contem- 
plates that computer 34 may use any known technique 
for computing or estimating the area under the sampled 
ion voltage signal. In any case, algorithm execution con- 
tinues from step 224 at step 226 where computer 34 
compares the area under the sampled ion voltage sig- 
nal with a first area boundary A1, preferably a lower 
area boundary as described above. If the area under 
the sampled ion voltage signal is greater than A1, algo- 
rithm execution continues at step 228 where computer 
34 compares the area under the sampled ion voltage 
signal with a second area boundary A2, preferably an 
upper area boundary as described above. If the area 
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under the sampled ion voltage signal is less than or 
equal to A2 at step 228, algorithm execution continues 
at step 238. If, however, the area under the sampled ion 
voftage signal is greater than A2 at step 228, algorithm 
execution continues at step 230 where algorithm execu- 
tion is transferred to subroutine B which will be 
described more fully hereinafter with respect to FIG. 6B. 
Upon returning from subroutine B, step 230 advances to 
step 238. 

[0067] ff , at step 226. computer 34 determines that the 
area under the sampled ion voftage signal is greater 
than A1, algorithm execution continues at step 232 
where computer 34 compares the area under the sam- 
pled ion voltage signal with a third area boundary A3, 
preferably a misf re area boundary as described herein- 
above. If, at step 232, computer 34 determines that the 
area under the sampled ion voltage signal is greater 
than A3, algorithm execution continues at step 234 
where algorithm execution is transferred to subroutine A 
which will be more fully described hereinafter with 
respect to FIG. 6A. Upon returning from subroutine A, 
step 234 advances to step 238. If. at step 232. computer 
34 determines that the area under the sampled ion volt- 
age signal is less than or equal to A3, algorithm execu- 
tion continues at step 236 where a corresponding 
misfire code is stored in an appropriate memory as 
described hereinabove. Algorithm execution continues 
therefrom at step 238. It is to be understood, however, 
that steps 224-236 may be replaced with steps for con- 
ducting a combustion quality analysis according to a 
signature analysis technique as described hereinabove. 
Those skilled in the art of software programming will 
recognize that software coding of such steps is well 
within the skill of an ordinary software programmer and 
need not be further described herein. 
[0068] At step 238, computer 34 is operable to deter- 
mine a roughness value for the sampled ion voltage sig- 
nal, preferably during a time span beginning coincident 
with a point in the firing cycle corresponding to peak cyl- 
inder pressure, as described hereinabove. Thereafter at 
step 240, computer 34 is operable to compare the 
roughness value determined in step 238 with a rough- 
ness threshold value Rjh- H. at step 240. the roughness 
value determined at step 238 is greater than R^, algo- 
rithm execution continues at step 242 where algorithm 
execution is transferred to subroutine B of FIG. 6B. 
Algorithm execution continues from step 242, and from 
the "NO" branch of step 240, to step 244. ft is to be 
understood that the roughness analysis of step 238 may 
be conducted in accordance with either of the tech- 
niques described hereinabove, or in accordance with 
any other similar known technique. 
[0069] Referring now to FIG. 6A, one embodiment of 
subroutine A. as called by step 234 of algorithm 200, is 
shown. Subroutine execution begins at step 252 where 
computer 34 determines, preferably from a count of the 
firing cycles as described hereinabove, whether the 
fueling command signal was altered within the previous 
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two firing cydes. If not subroutine execution continues 
at step 256 where computer 34 computes a fueling 
increase factor (FIF), and execution continues thereaf- 
ter at step 262. If, at step 252, computer 34 determines 
that the fueling command signal was altered within the 5 
previous two firing cycles, subroutine execution contin- 
ues at step 254 where computer 34 determines whether 
spark timing was altered (by altering the timing of the fir- 
ing command signal as described hereinabove) during 
the previous firing cycle. If not subroutine execution w 
continues at step 258 where computer 34 is operable to 
compute (or recompute) a timing retard factor (TRF), 
and execution continues thereafter at step 262. If, at 
step 254. computer 34 determines that the spark timing 
was altered during the previous firing cycle, subroutine is 
execution continues at step 260 where computer 34 
computes a spark energy reduction value (SER). Sub- 
routine execution continues thereafter at step 262 
where subroutine A execution is returned to step 234 of 
algorithm 200. 20 
[0070) Referring now to FIG. 6B, one embodiment of 
subroutine B, as called by either of steps 230 or 242 of 
algorithm 200, is shown. Subroutine execution begins at 
step 302 where computer 34 determines, preferably 
from a count of the firing cycles as described herein- 2s 
above, whether the fueling command signal was altered 
within the previous two firing cycles, rf not, subroutine 
execution continues at step 306 where computer 34 
computes a fueling reduction factor (FIF). and execution 
continues thereafter at step 312. rf, at step 302, compu- 30 
ter 34 determines that the fueling command signal was 
altered within the previous two firing cycles, subroutine 
execution continues at step 304 where computer 34 
determines whether spark timing was altered (by alter- 
ing the timing of the firing command signal as described 35 
hereinabove) during the previous firing cycle. If not, sub- 
routine execution continues at step 308 where computer 
34 is operable to compute a timing advance factor 
(TAF), and execution continues thereafter at step 312. If, 
at step 304, computer 34 determines that the spark tirrv 40 
ing was altered during the previous firing cycle, subrou- 
tine execution continues at step 310 where computer 34 
computes a spark energy increase value (SEI). Subrou- 
tine execution continues thereafter at step 312 where 
subroutine B execution is returned to an appropriate 45 
one of steps 230 or 242 of algorithm 200. 
[0071] Returning again to algorithm 200 of FIG. 5C, 
computer 34 is operable at step 244 to compute a spark 
energy correction signal SE, which is a function of either 
SEV, SEI or SER, a spark timing correction signal ST, so 
which is a function of TAF or TRF, and a fueling com- 
mand correction signal FCC, which is a function of 
either FIF or FRF. Computer 34 is operable to then route 
the spark energy correction signal, the spark timing cor- 
rection signal and the fueling command correction sig- ss 
nal to an appropriate one of the ignition control circuit 24 
and computer 26, wherein such circuits are operable to 
effectuate a corresponding spark energy correction, 



spark timing correction and/or fueling command correc- 
tion, as described hereinabove. Algorithm execution 
continues from step 244 to step 246 where algorithm 
200 is returned to its calling routine or alternatively 
looped back to step 202. 

[0072] While the invention has been illustrated and 
described in detail in the foregoing drawings and 
description, the same is to be considered as illustrative 
and not restrictive in character, it being understood that 
only the preferred embodiment has been shown and 
described and that all changes and modifications that 
come within the spirit of the invention are desired to be 
protected. 

Claims 

1. Apparatus lor diagnosing ignition system failures, 
comprising: 

an ignition coil having a primary coil coupled to 
a secondary coil; 

means for energizing said primary coil to 
thereby induce a spark voltage signal in said 
secondary coil; and 

a first computer having an input coupled to said 
secondary coil for receiving said spark voltage 
signal, said computer including a first memory 
having at least one spark voltage waveform 
stored therein corresponding to a spark voltage 
signal of a predefined ignition system failure 
mode, said computer comparing said spark 
voltage signal with said at least one spark volt- 
age waveform and producing a diagnostic sig- 
nal conesponding to a predefined ignition 
system failure mode if said spark voltage signal 
matches said at least one spark voltage wave- 
form. 

2. The apparatus of claim 1 further including a second 
computer having an input receiving said diagnostic 
signal and a secondary memory, said second com- 
puter storing in said second memory an error code 
corresponding to said diagnostic signal. 

3. The apparatus of claim 2 further including means 
for extracting said error code from said second 
computer. 

4. The apparatus of claim 3 wherein said ignition coil 
forms part of an internal combustion engine; 

and wherein said second computer is an 
engine control computer operable to control opera- 
tion of said internal combustion engine. 

5. The apparatus of claim 4 wherein said means for 
energizing said coil primary includes an ignition 
control circuit having a first input receiving a firing 
command signal; 
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and wherein said engine control computer is nal corresponds to normal ignition system opera- 

operable to provide said firing command signal to tion if said spark voltage signal matches said spark 

said first input of said ignition control circuit. voltage waveform corresponding to normal ignition 

system operation. 

6. The apparatus of claim 5 wherein said first compu- s 
ter includes a trigger input receiving said firing com- 
mand signal, said first computer responsive to said 
firing command signal to compare said spark volt- 
age signal with said at least one spark voltage 
waveform. 10 

7. The apparatus of claim 1 wherein said first compu- 
ter is responsive to said diagnostic signal to store in 
said first memory an error code corresponding to 
said diagnostic signal. is 

8. The apparatus of claim 7 further including an 
engine control computer connected to said first 
computer, said engine control computer operable to 
control operation of said internal combustion 20 
engine. 

9. The apparatus of claim 8 further including means 
for extracting said error code from said first memory 

of said first computer via said engine control com- 25 
outer. 

10. The apparatus of claim 1 wherein said first memory 
includes a number of spark voltage waveforms 
stored therein each corresponding to a spark volt- 30 
age waveform of a unique ignition system failure 
mode, said first computer comparing said spark 
voltage signal with each of said number of spark 
voltage waveforms and, if said spark voltage signal 
matches any of said number of spark voltage wave- 35 
forms, producing said diagnostic signal wherein 
said diagnostic signal corresponds to a unique one 

of said unique ignition system failure modes. 

11. The apparatus of claim 10 further including a sec- 40 
ond computer having an input receiving said diag- 
nostic signal and a second memory, said second 
computer responsive to said diagnostic signal to 
store in said second memory an error code corre- 
sponding to an appropriate one of said unique igni- 4s 
tion signal failure modes. 

12. The apparatus of claim 11 further including means 
for extracting said error code from said second 
computer. so 

13. The apparatus of claim 10 wherein said number of 
spark voltage waveforms further includes a spark 
voltage waveform corresponding to normal ignition 
system operation, said second computer compar- 55 
ing said spark voltage signal with each of said 
number of spark voltage waveforms and producing 
said diagnostic signal wherein said diagnostic sig- 
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